To determine the relationship between cell size, acid invertase (AI) and sucrose phosphate synthase (SPS) activities, and sucrose accumulation in melon (Cucumis melo L.), fruit were treated with succinamic acid 2,2dimethylhydrazide (SADH) at various developmental stages during spring and summer. Fruit and cell growth was suppressed by SADH treatment during early, but not middle, development. Higher AI activity and lower SPS activity and sucrose content were observed in fruit with smaller cells exposed to early SADH treatment, compared to fruit with larger cells exposed to late SADH treatment. These results suggest that the low sucrose content in fruit treated with SADH during early fruit development is due to the lower SPS activity of smaller cells resulting from SADH exposure.
Introduction
In melons grown in plastic film greenhouses during spring and shipped in early summer, the fruit have lower sucrose content. In this type of cultivation (sowing time, March; harvest time, June) night-time temperature in plastic film greenhouses during early fruit development declines to nearly 10°C. However, when melons are exposed to heat at night during early fruit development, cell enlargement is accelerated, resulting in increased sucrose content in the fruits (Kano, 2006) . An increase in the number of larger cells in the fruit of melon plants, grown at higher temperatures during early fruit development, results in active sucrose accumulation in the fruit (Kano and Fukuoka, 2006) . Furthermore, sucrose preferentially accumulates in Japanese pear with a considerable proportion of large cells after gibberellin (GA) A 4 + A 7 treatment (Kano, 2003) . Conversely, when melon fruit growth is mechanically restricted, the accumulation of sucrose is suppressed due to the small number of large cells (Kano, 2009) . Taken together, these findings indicate that sucrose accumulation is affected by cell size, with sugars becoming less important for cell growth as larger cells reach full maturation. Sucrose represents one of the most abundant water-soluble sugars used for storage by melon fruits due to its stability.
An increase in the proportion of sucrose in melon fruit is associated with a decline in acid invertase (AI) activity (Chrost and Schmitz, 1997) and an elevation in sucrose phosphate synthase (SPS) activity (Gao et al., 1999; Hubbard and Pharr, 1990; Hubbard et al., 1989; Lingle and Dunlap, 1987; Yamaki, 2010) . These results suggest that reduced and increased AI and SPS activities, respectively, are critical for the attainment of cell maturity in melon fruit.
Plant growth can be retarded by the application of growth-retarding chemicals (Cathey, 1964) : for example, stem growth in chrysanthemum is clearly suppressed by the plant growth retardant, succinamic acid 2,2dimethylhydrazide (SADH) (Cathey, 1975) . Furthermore, the leaves from ancymidol (a growth-retarding chemical, containing SADH)-treated chrysanthemum plants were observed to have cells of smaller size (Cathey, 1975) , suggesting that SADH represses cell enlargement.
Here, to determine the stage of growth at which the effects of SADH treatment of melon fruit are most pronounced on fruit growth, cell size, enzyme activity, and sugar accumulation, these factors were measured and compared in the spring for fruit treated with SADH during various developmental growth stages. Furthermore, the time variation of the factors stated above was investigated in fruit treated with SADH during early fruit development in the summer. Elucidation of the relationship between cell size and sucrose content in melon fruit using SADH is of great use to grow sweet melon fruit.
Materials and Methods

Plant materials and sampling
In the spring experiment, for effective SADH (B-nine, 80% of active gradient, Nippon Soda Co., Ltd., Tokyo, Japan) treatment on fruit development, Cucumis melo L., 'Earl's Knight soshunbanshu' melon seeds (Sakata Seed Corporation, Yokohama, Japan) were planted in a seed-bed heated to approximately 28°C on March 2, 2009, small plants with unfolded cotyledons were transplanted into pots of 10 cm diameter, and then plants with 4 leaves were spaced at 40-cm intervals in a plastic film greenhouse heated to around 20°C on April 5. Flowers that opened on May 10 were used in this experiment. Fruits were treated with a solution of 2000 mg·L −1 of SADH at 4, 10, 20, and 30 days after anthesis (DAA). Five series of a control fruit and 4 fruits treated at 4, 10, 20, and 30 DAA with SADH, respectively were set on one ridge. Five fruits were collected on 50 DAA in each treatment, and fruit growth was assessed. In the summer experiment, to investigate the time variation of cell size, the activity of sucroserelated enzymes, and sugar accumulation of the fruit treated with SADH, Cucumis melo L. 'Mirano' melon seeds (Yae Nougei Inc., Nagasaki, Japan) were planted in a seed-bed on June 18, 2009 and nursery plants were spaced at 40-cm intervals in a plastic film greenhouse on July 4. Flowers that opened on August 3 were used in this experiment. Fruits were treated with a solution of 2000 mg·L −1 SADH at 4 DAA. Five fruits were collected 20 and 40 DAA, and fruit growth was assessed. Two varieties were used because 'Earl's Knight soshunbanshu', which grows favorably under lower temperature, was employed in the spring experiment, but 'Mirano' melon seeds, which grow favorably under higher temperature, were used in the summer experiment.
Fruits were cut in half horizontally and two 20-mmthick cross sections were collected for analysis: the crosssection from the maximum transverse diameter toward the peduncle end was analyzed for biochemical analyses and that from the maximum transverse diameter toward the calyx end was analyzed for cell morphology (Matsumoto et al., 2010) . A 40-mm-wide section was collected from both cross-sections and cut into 20 × 10mm segments (L1-L5 and R5-R1).
Cell morphology
Segments L3 and R3 from the calyx-side cross-section were analyzed for cell size and dehydrated in an ethanol series (70%, 80%, 90%, and 100% (v/v)) before being embedded in paraffin. Seven 10-µm-thick sections were prepared from each paraffin block, and the clearest section from each block was examined under a microscope. The maximum dimension of individual cells on the longest horizontal diameter of the segments was measured (Matsumoto et al., 2010) .
Preparation for biochemical analysis
Segments L3 and R3 from the peduncle-side crosssection were used for enzyme analysis (one each) and for sugar analysis (one each) (Matsumoto et al., 2010) .
Fresh melon tissue was ground in a chilled mortar using a 1 : 3 tissue : buffer ratio with 3-morpholinopropanesulfonic acid (Mops)-NaOH (50 mM, pH 7.5), 5 mM MgCl 2 , 1 mM Na 2 EDTA, 2.5 mM dithiothreitol (DTT), and 0.05% (v/v) polyoxyethylene-p-isooctylphenol (Triton X-100, Nacalai Tesque Inc., Kyoto, Japan). Homogenates were centrifuged at 11,000 × g for 15 min at 4°C and the supernatants were removed and stored at −33°C until analysis. All chemicals were purchased from Nacalai Tesque Inc. unless otherwise indicated.
Acid invertase assay
AI activity was determined in 100-µL reaction mixtures containing 20 µL supernatant, 50 mM citratephosphate (pH 4.8), and 66 mM sucrose. Mixtures were incubated at 35°C for 30 min. A 10-µL aliquot of the reaction was terminated by adding 1.5 µL Glucose C2 (Wako Pure Chemical Industries Inc., Osaka, Japan), and the amount of glucose produced was measured at 535 nm by the Mutarotase-GOD method (Miwa et al., 1972) .
Sucrose phosphate synthase assay
Two hundred microliters of supernatant was dialyzed twice for 30 min against 200 mL of 10 mM Mops-NaOH by an oscillatory microdialysis system (Cosmo Bio Inc., Tokyo, Japan), and diluted 1 : 8 in de-ionized water. SPS activity was determined in 100 µL reaction mixtures containing 40 µL diluted dialyzed extract, 50 mM Mops-NaOH (pH 7.5), 5 mM MgCl 2 , 12 mM D-fructose-6phosphate disodium salt (fructose 6-P), 12 mM Dglucose-6-phophate dipotassium salt hydrate (glucose 6-P), and 12 mM uridine-5'-diphosphoglucose disodium salt (UDPG). Mixtures were incubated at 35°C for 30 min. The reaction was terminated after 12 min with the addition of 200 µL of 30% (w/v) KOH. After cooling, 1.8 mL of 0.14% (w/v) anthrone in 13.8 M H 2 SO 4 was added and the solutions were incubated in a 40°C water bath for 20 min. Once cooled, color development in the solutions was measured at 620 nm.
Protein content assay
Protein content in each extract was determined by the Bradford protein assay (Bradford, 1976) with bovine serum albumin as the standard. Briefly, a 50 µL aliquot of each extract was assayed with the added to 2.5 mL of Coomassie (Bradford) protein assay kit (Bio Rad, Hercules, USA), and after that the absorbance at 595 nm was measured.
Sucrose, glucose, and fructose analysis For sugar analyses, segments from the peduncle-side cross-section were wrapped in cheesecloth and squeezed using pincers to collect juice into a beaker. All procedures in this section, except boiling to inactivate enzymes, were performed under 4°C. The juice was heated in boiling water for 20 min to inactivate enzymes, diluted 1 : 10 in distilled water, and centrifuged at 8000 × g for 15 min. The supernatant was filtered through a 0.45-µm filter, and 10 µL of the filtrate was applied to a high performance liquid chromatograph (HPLC) (LC-10ADvp, Shimadzu Inc., Kyoto, Japan) equipped with a Shim-pack SCR-101C analytical column (Shimadzu Inc.) heated to 80°C by CTO-10Avp column oven (Shimadzu Inc.) and a RID-10A refractive index detector (Shimadzu Inc.). Sampling was carried out at a flow rate of 0.8 mL·min −1 by an autosampler (SIL-20AC, Shimadzu Inc.).
Results
Spring experiment
We first examined the effects of treating melon fruit with a 2000 mg·L −1 solution of SADH at 4, 10, 20, and 30 DAA. Fruit length and diameter did not differ among the treatments. The weight (Fig. 1 ) and the mean cell sizes (Fig. 2 ) of fruit treated with SADH at 4 and 10 DAA was 100 g or 40 µm less than that of the control fruit, whereas those of fruit treated at 20 and 30 DAA did not differ significantly from those of the control fruit.
AI activity at 50 DAA was similar among the treatments (Fig. 3) . The SPS activities of fruit treated with SADH at 4, 10, and 20 DAA showed a significant reduction from control fruit (Fig. 3) ; however, the activity of fruit treated at 30 DAA did not differ significantly from control fruit.
The sucrose content of fruit treated with SADH at 4, 10, and 20 DAA (Fig. 4 ) was significantly lower than that of control fruit; however, the sucrose content of fruit treated at 30 DDA was similar to that of control fruit. The glucose content of fruit treated with SADH at 4 and 30 DAA was also significantly lower than that of the control fruit, whereas the glucose content of fruit treated with SADH at 10 and 20 DAA was significantly greater than that of the control. The fructose content of treated fruit did not differ from that of the control at any of the examined DAA.
Summer experiment
We next examined the time variation of the factors stated above in fruit treated with a 2000 mg·L −1 solution of SADH at 4 DAA. The length and weight of fruit treated with SADH at 4 DAA and harvested at 20 DAA were significantly smaller than those of the control fruit, but not at 40 DAA (Fig. 5) . The diameter was not significantly different among the plots at any DAA. The mean cell sizes of SADH-treated fruit harvested at 20 and 40 DAA were significantly smaller than those of control fruit (Fig. 6) .
AI activity did not differ in each treatment at both examined growth stages (Fig. 7) . The SPS activities of fruit treated with SADH at 40 DAA showed a significant reduction from control fruit (Fig. 7) ; however, the activity of fruit treated at 20 DAA did not differ significantly from control fruit. At 20 DAA, sucrose was not detected, and the glucose and fructose contents did not differ between the two groups (Fig. 8) ; however, the sucrose content of the treated fruit at 40 DAA was significantly reduced by three-tenths compared to control fruit, but the glucose and fructose contents did not differ from control fruit. 
Discussion
In the spring experiment, melon fruit growth was suppressed by SADH treatment during early, but not middle, developmental stages. In contrast, the length and weight of melon fruit treated with SADH during early fruit development during the summer was repressed at 20 DAA but not 40 DAA. Our results are consistent with the reported suppression of stem growth in chrysanthemum (Cathey, 1975) and the observed decreases in leaf and root fresh weight of radish following SADH treatment (Boe et al., 1973) ; therefore, it is reasonable to conclude that the growth of melon fruit is suppressed by SADH treatment. As melon fruit weight at 10, 20, and 30 DAA is 12%, 52%, and 75%, respectively, of that at 50 DAA (Nakatsubo et al., 2009) , the minimal effect on fruit growth by SADH treatment observed during the middle stage of fruit development was likely due to the fact that the fruit was almost fully developed at the time of treatment.
In the spring and summer experiments, smaller cell size and lower SPS activities and sucrose content were observed in the fruit treated with SADH during early development. Growth retardants often exert their effects on plants via their inhibitory effect on endogenous GA biosynthesis, which is involved in cell elongation (Cathey, 1964; Masuda et al., 1970; Yamada, 1976) . For example, the retardant AMO-1618 inhibits cell elongation by disrupting GA biosynthesis in the stem of chrysanthemum (Sachs et al., 1960) . As SADH also inhibits endogenous GA synthesis (Yamada, 1976) , it is considered that impaired cell enlargement in fruits treated with SADH is due to the inhibition of endogenous GA biosynthesis. Here, cell enlargement was not suppressed by SADH treatment during the middle stages of fruit development. As the cell size of melon fruits at 20 and 30 DAA reaches 68% and 78%, respectively, of that of fruits at 50 DAA (Nakatsubo et al., 2009) , it is reasonable to speculate that the observed loss of SADH inhibitory effects on cell growth at 20 and 30 DAA was due to the cells nearing maturity, when GA biosynthesis is less active.
Melon fruits grow entirely by cell enlargement after the cessation of cell division at 4 DAA, and sucrose begins to accumulate in the fruits at 30 DAA (Masuda, 1970) . The cells of melon fruits at 10 DAA are 171 µm in size and contain no detectable sucrose, whereas by 50 DAA, cells have increased to 265 µm in size and have a high sucrose content (Kano, 2006) . While AI activity in melon fruits reaches a maximum at 15 DAA and sucrose content is quite low, SPS activity and sucrose content increase as the fruits mature (Hubbard and Pharr, 1990; Hubbard et al., 1989; Iwatsubo et al., 1992; Lingle and Dunlap, 1987; McColum et al., 1988; Pharr and Hubbard, 1994) . Taken together, these reports indicate that melon fruits with smaller cells have high AI activity and low SPS activity and sucrose content, whereas fruits with larger cells have low AI activity and high SPS activity and sucrose content.
In the summer experiment, although cell enlargement was suppressed during earlier fruit development, the suppression of SPS activity and sucrose accumulation was observed at later stages of fruit development. This finding is consistent with the reported increases in SPS activity and sucrose accumulation resulting from the formation of large cells during the latter period of melon fruit development (Matsumoto et al., 2010) . Consequently, it can be regarded that cells of SADH-treated fruit remain small until late development stages, which induces low SPS activity, resulting in a low sucrose content. However, here, no differences in AI activity in treated with SADH or control fruit were detected ( Fig. 3 ), suggesting that SADH has no direct influence on AI activity. In addition, there were no differences in SPS activity in the fruit treated with SADH at 30 DAA or control fruit (Fig. 3) , demonstrating that SADH does not have a direct influence on SPS activity in melon fruit during the later growth stages.
In conclusion, our results suggest that the low sucrose content in fruit treated with SADH during early fruit development (Fig. 9B ) was due to lower SPS activity associated with smaller cells resulting from SADH exposure. In contrast, it is speculated that the high sucrose content observed in fruit treated with SADH during late fruit development ( Fig. 9C ), in the same way of the control (Fig. 9A ) was due to higher SPS activity, as the larger cells had attained full maturity at the time of SADH treatment.
